Background. Previous studies have demonstrated that alterations in myocardial structure, consistent with tissue and sarcomere disruption as well as myofibril dissociation, occur after myocardial ischemia and reperfusion. In this study we determine the onset of these structural changes and their contribution to electrical conduction.
I n previous studies we have shown that there are alterations in myocardial structure after ischemia and reperfusion [1, 2] . These morphologic alterations occurred coincident with significant decreases in postischemic functional recovery [2] . The modulation of postischemic functional recovery may occur at many levels; however, recent data suggest that changes occurring at the intercalated disc may play an important role [3, 4] .
The intercalated disc functions as the site of electromechanical coupling within the myocardium. Principal components of the intercalated disc include the gap junctions that allow for direct communication between adjacent cells, and the adherens junctions that provide cell-cell adhesion [5, 6] . N-cadherin is the primary cell adhesion molecule found in the adherens junction and appears critical in maintaining the integrity of the intercalated disc structure, while connexin 43-␣1 (Cx43[␣1]) is the principal connexin expressed in the ventricle [5] [6] [7] [8] . Cx43 [␣1] exists primarily in the phosphorylated active state; however, it has been shown in animal models that after ischemic injury, Cx43[␣1] becomes dephosphorylated and nonfunctional [6, 9] .
The appropriate organization of each of these junctional complexes within the intercalated disc is essential for myocardial tissue development as well as the coordinated contractile function of the heart [5, 6] . Disruption of the intercalated disc and subsequent alterations in cellcell interactions have been implicated in several human cardiovascular diseases states, including ischemic and hypertrophic cardiomyopathy, atrial fibrillation, and congestive heart failure [8, 10, 11] .
Apart from intercellular junctions, the interaction of cardiomyocytes with the extracellular matrix also serves an important role in both the structural and functional integrity of the myocardium and in the stabilization of force transmission during contraction [12] . Alterations in extracellular matrix proteins such as integrin-␤1 during ischemia and reperfusion may also play a role in the modulation of postischemic functional recovery.
Whether changes in these gap junction, adherens junction, or matrix binding proteins occur during ischemia and reperfusion is unknown. In this study we examine the time course to the onset of morphologic changes in the myocardium after global ischemia and reperfusion by using histochemical and immunologic analysis to identify whether alterations in gap junction, adherens junction, and extracellular matrix proteins occur. We have also used electrophysiology to determine the impact of alterations occurring at the intercalated disc after ischemia and reperfusion on conduction velocity anisotropy. 
Material and Methods

Animals
Langendorff Perfusion
All rabbits were anesthetized with acepromazine (0.5mg/kg intramuscularly), followed by intravenous (IV) pentobarbital (50 mg/kg). They received heparin (200 U/kg IV) in a marginal ear vein. Langendorff retrograde perfusion was performed as previously described [1] . Hearts were paced through the right atrium so that heart rate was maintained at 180 Ϯ 3 beats/min throughout the experiment using a Medtronic Model 5330 stimulator (Medtronic, Minneapolis, MN). Hemodynamic variables were acquired using the PO-NE-MAH digital data acquisition system with an Acquire Plus processor board, and left ventricular pressure analysis software (Gould, Valley View, OH) [1] .
Experimental Protocol
Hearts were perfused for 30 minutes to establish equilibrium hemodynamics. Equilibrium was achieved when heart rate, coronary flow, left ventricular peak developed pressure, and end-diastolic pressure were maintained at the same level for three continuous measurement periods timed 5 minutes apart. Control hearts (n ϭ 7) were perfused without global ischemia (GI) for 180 minutes. Rabbit hearts were subjected to 5 (GI-5; n ϭ 7), 10 (GI-10; n ϭ 6), 15 (GI-15; n ϭ 7), 20 (GI-20; n ϭ 8), 25 (GI-25; n ϭ 6), or 30 minutes (GI-30; n ϭ 6) of global ischemia, achieved by cross-clamping the perfusion line, followed by 120 minutes of reperfusion [1] .
Determination of Interfibrillar Space
Myocardial tissue samples from eight predesignated, standardized regions within the left and right ventricles were obtained at the end of the experimental protocol and immediately fixed in 4% paraformaldehyde in phosphate-buffered saline (pH 8.0) overnight at 4°C. After embedding, tissue samples were sectioned (5 m thickness). Thirty sections from each specimen were mounted on glass slides and divided sequentially into 10 groups of three and used for hematoxylin and eosin (H&E), and Masson's Trichrome staining [1] .
Interfibrillar space was determined using a Zeiss Axiovert 200M inverted microscope (Carl Zeiss, Thornwood, NY) fitted for bright-field, phase contrast, differential interference contrast, and fluorescence. Quantitative light microscopy spatial analysis was performed at low magnification (ϫ100) covering the full specimen area using Metamorph Imaging Analysis 6.2 software (Universal Imaging, Downingtown, PA). All analysis was performed by a pathologist using blinded samples.
Immunohistochemistry
After tissue samples were embedded and sectioned, slides were baked overnight at 65°C, deparaffinized in xylene, rehydrated through a graded ethanol series, and subjected to antigen retrieval by heating three times for 5 minutes in 1 mM ethylene diamine tetraacetic acid (pH 8.0) using a 700-W microwave oven set to high.
Slides 
Western Blot Analysis
Total protein was isolated from pooled tissue samples from apex, left, and right ventricular tissue samples obtained after 120 minutes of reperfusion using sodium deoxycholate, Nonidet P40 lysis buffer [14] . All protein lysis buffers contained the multiprotease inhibitor, Complete (2 mM; Boehringer, Mannheim, Germany) and the cell permeable caspase inhibitors z-DEVD.fmk, IETD.fmk and z-LEHD.fmk, 10 mM each, and the nonselective irreversible caspase inhibitor, Z-VAD.fmk, 50 mM (Kamiya Biomedical Co, Seattle, WA). Protein samples (25 g) were fractionated on 12% Novex Tris-Glycine gels (Invitrogen) and then electroblotted to nitrocellulose membranes (Invitrogen). Protein equivalency, transfer efficiency, and membrane blocking were performed as previously described [1] .
Immunoblotting was performed using one of the fol- 
Conduction Velocity Measurements
Wet Weight/Dry Weight Ratios
Determination of wet weight-to-dry weight ratios was performed as previously described [1] .
Statistical Analysis
Statistical analysis was performed using the SAS 6.12 software package (SAS Institute, Cary, NC). The mean Ϯ the standard error of the mean for all data was calculated for all variables. Statistical significance was assessed using repeated measures analysis of variance (ANOVA) with group as a between-subjects factor and time as a within-subjects factor. Dunnett's test was used for comparisons between control and other groups to adjust for the multiplicity of tests. Bonferroni correction was used for comparisons between groups other than control. A one-way ANOVA was used for interfibrillar space and protein expression analysis. Statistical significance was claimed at p Ͻ 0.05.
Results
Histochemical Analysis and Interfibrillar Space Determination
Masson Trichrome and H&E stained myocardial sections of left ventricular tissue sections from control, GI-5, and GI-10 hearts showed preserved myofilament structure with minimal evidence of contraction bands or interfibrillar separation (Fig 1A) . An increasing number of contraction bands were evident as global ischemia time increased, with the most prominent bands being seen in GI-30 hearts. After GI-15, tissue disruption and longitudinal and transverse interfibrillar separation were evident, as well as complete fiber disruption in some areas (Fig 1A) . Metamorph analysis indicated that longitudinal and transverse interfibrillar space was progressively and significantly increased from GI-15 to GI-30 (p Ͻ 0.001 vs. control, Fig 1B) , such that GI-30 Ͼ GI-25 Ͼ GI-20 Ͼ GI-15 (p Ͻ 0.001 for all comparisons).
Expression of N-cadherin, Integrin-␤1 and Cx43[␣1]
Immunohistochemistry using confocal microscopy demonstrated qualitative reductions in expression of Ncadherin and Cx43[␣1] after more than 15 minutes ischemia (Fig 2A,C) . In control hearts, Cx43[␣1] was localized predominantly to the intercalated disc but was redistributed to the periphery of the myocyte after more than 15 minutes of global ischemia (Fig 2C) . Additionally, immu- 
Wet Weight/Dry Weight Ratios
No significant difference in the wet weight/dry weight ratio was observed within or between groups (p ϭ 0.541; results not shown). In our studies we have used a variety of commercial antibodies. Using a monoclonal anti-Cx43[␣1] antibody, we were unable to detect the phosphorylated and dephosphorylated isoforms of Cx43[␣1] and were only able to detect a single band migrating at approximately 41kDa that was significantly decreased after 20 minutes of ischemia (Fig 3) . Additional Western blot analysis using a polyclonal anti-Cx43[␣1] antibody did allow for identification of both the phosphorylated and dephosphorylated isoforms of Cx43[␣1]. Our results indicate that with increasing ischemia there is a transition in Cx43[␣1] from the active phosphorylated isoform to the inactive dephosphorylated isoform, in agreement with previous reports by others [3, 9, 17] . This change in phosphorylation status would be expected to limit or inhibit gap We also show a significant decrease in N-cadherin, the principal adherens junction protein [5, 6] . This is in agreement with others who have also shown, in animal models, that ischemia results in a decrease in the number of adherens junctions, and thus N-cadherin, in the heart [4, 18] . As the adherens junction is involved in maintaining attachments between adjacent cardiomyocytes, the decreased expression of N-cadherin has implications on altering cell-cell attachments and, subsequently, altering These findings may be attributed to the relatively large physiologic reserve of gap junctions that exists the myocardium [20, 21] . It is possible that although our reduction in Cx43[␣1] was statistically significant, it was insufficient to result in a functional conduction deficit. Although the lack of change in anisotropy seems at odds with the peripheral redistribution of Cx43[␣1] that we observed after ischemia, it is possible that the expected reduction in anisotropy was countered by an increase in discontinuous, or zig-zag, conduction between myofibrils imposed by the concomitant increase in interfibrillar spaces, which we also observed.
Comment
One limitation to our study is that we examined total protein extracts from transmural samples of myocardium. Poelzing and colleagues [22] have shown that there is heterogeneous expression of Cx43[␣1] within transmural wedge sections of canine myocardium, with subepicardial layers expressing a lesser amount of Cx43[␣1] than deeper layers [22] . Using optical mapping, they found that this differential expression of Cx43[␣1] translated into slowed conduction velocities within the subepicardium compared with deeper layers [22] . It is possible that the reductions in Cx43[␣1] that we have detected occur as a result of differential reductions in different muscle layers of the myocardium. Additionally, we have only measured epicardial electrophysiologic recordings, and it is possible that had we been able to investigate conduction in each layer individually, we may have detected more significant electrophysiologic changes.
It is important to note that our results indicate that there was no alteration of integrin-␤1, an extracellular matrix attachment protein. The maintenance of cellmatrix interactions during ischemia is clinically relevant because it affords the potential for full functional recovery after cardiac surgery. If extracellular matrix attachment were compromised, an irreversible end point of cell death would occur, with no possibility of restoration of normal cell structure and function [23] .
Our studies were performed in an isolated perfused heart model, and further studies using an in situ blood perfused model are required to validate findings; however, our data provide important insight regarding the functional impact of alterations in intercalated disc components resulting from ischemia and reperfusion. In this study, significant changes in key gap junction and adherens junction proteins as well as in structural integrity together were insufficient to result in a parallel deterioration in electrical conduction, allowing for the possibility of pharmacologic or surgical intervention.
